Abstract Infections, in particular pneumonia, are common complications in patients with acute stroke and are associated with a less favorable neurologic and functional outcome. Patients with severe stroke and dysphagia are at highest risk of infection. Experimental and clinical data suggest stroke-induced immunodeficiency as a major factor contributing to the high incidence of infection after stroke. Preclinical studies support the potential benefit of preventive antibiotic therapy in acute stroke for lowering the incidence of infection and improving clinical outcome. Several smaller clinical trials on preventive antibiotic therapy in patients with stroke conducted during the last 10 years yielded inconclusive results. Recently, 2 large, open-label, controlled trials failed to demonstrate an improved clinical outcome after preventive antibiotic therapy in patients with acute stroke treated in specialized stroke units. In the BPreventive Antibiotics in Stroke Study^, antibiotic therapy lowered the rate of infection but did not influence outcome. In the STROKE-INF study, performed in patients with dysphagia after stroke, antibiotic therapy did not lower the incidence of pneumonia and had no prognostic significance. At present, preventive antibiotic therapy cannot be recommended as a therapeutic option for acute stroke.
Introduction
Although stroke is a major cause of death and permanent disability, most patients are not eligible for specific therapies with proven benefit currently available. To date, there is no evidence-based treatment for hemorrhagic stroke. Treatment in a dedicated stroke unit per se has been associated with a better outcome [1] . However, it is not known which factors actually contribute to the improved prognosis associated with treatment in a stroke unit, as most therapies and interventions performed daily in stroke units lack solid scientific evidence, underscoring the need for new therapies. Within this context, over the last few years, prophylactic antibiotic therapy has emerged as a promising new therapy for patients with acute stroke. If proven effective, it could be easily performed without causing copious expenses, a need for additional manpower, or much discomfort for the patient. After several clinical studies performed during the last 10 years have produced negative or inconclusive results, however, the enthusiasm for prophylactic antibiotic therapy in acute stroke has now plummeted considerably. After the negative results of 2 large clinical trials-the STROKE-INF [2] and PASS [3] trials published in 2015-an editorial commentator mused that the concept of preventive antibiotic therapy after stroke may have utterly BPASSed away^ [4] .
The present review discusses the rationale behind the concept of preventive antibiotic therapy in acute stroke, provides an overview on the evidence from controlled trials, and gives an overview over the current status of discussion along with clinical implications.
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Methods
For this narrative clinical review, all randomized controlled trials on preventive antibiotic versus control therapy in stroke were searched using the Medline (1966-April 2016) and Cochrane databases. In an effort to identify further published, unpublished, and ongoing trials, the ClinicalTrials.gov (www. clinicaltrials.gov) and Stroke Trials Registry (www. strokecenter.org/trials) research and trial registers were searched. Reference lists of retrieved relevant articles were scanned. Trials conducted in all languages were searched, and translations for trial reports published in languages other than English were arranged. Each study was assessed for key methodological issues.
Rationale Behind Prophylactic Antibiotic Therapy in Stroke
The relationship between infection and stroke is bidirectional. Precedent infection is a well-recognized risk factor for ischemic, as well as hemorrhagic, stroke [5] [6] [7] . However, infection is a frequent complication in patients with acute stroke, and associated with a worse prognosis. Indeed, infection is the most common complication during the acute treatment of patients with stroke, and is a leading cause of death after stroke [6, 8] . The frequency of infection in patients with acute stroke has been the subject of numerous clinical studies. Owing to different designs, patient selection criteria, diagnostic criteria, timing of assessment, and duration of follow-up, the results vary considerably, with a reported incidence of infection up to 90 % [9] [10] [11] [12] [13] . Almost all studies described pneumonia as the most frequent type of infection after stroke, followed by urinary tract infection [6] . Studies regarding the effects of infection on worsening stroke symptoms have yielded ambiguous results [14] . While several studies could not demonstrate an independent association between infection and worsening of neurological deficit after stroke [15] [16] [17] , the majority of studies showed that infections in hospitalized patients in the acute phase after stroke are associated with a worse functional outcome and increased mortality [6, [18] [19] [20] . In the largest study, Katzan et al. [21] described a 30-day mortality of 27 % after poststroke pneumonia compared with a mortality rate of 4 % in patients without pneumonia. In many studies, the extent to which confounding factors such as severity and size of stroke, other comorbidity, fever, and medical interventions contribute to the worse prognosis after infection is not easily distinguished. Therefore, it remains to be seen whether infection is an independent predictor of a less favorable outcome, although, on the whole, the association between infection and a worse prognosis is undisputed.
Various risk factors for infection after stroke such as severe neurological deficit at presentation, bedridden state, older age, and dysphagia have been described [6, 20] .
During the last few years, findings from animal models of focal ischemia, as well as clinical studies, have led to the concept of poststroke immunosuppression, which is being covered by other articles in this special issue of Neurotherapeutics and has also been subject to various extensive reviews [22] [23] [24] . Stroke-induced immunodeficiency via the hypothalamic axis and the sympathetic nervous system can be detected as early as a few hours after cerebral ischemia and may persist over a few weeks. Owing to various alterations of the cell-mediated immune response, susceptibility to infections in patients with acute stroke is increased, probably contributing to the high incidence of infection after stroke [22] [23] [24] .
Infection is also the main cause of fever, which has consistently been associated with a worse prognosis after stroke. In recent years, the prognostic importance of body temperature during the acute phase of ischemic stroke has been increasingly recognized. Several clinical studies have consistently shown that in the early phase after stroke, fever (>37.5°C) is very common, occurring in up to 61 % of patients, increases with the severity of stroke, and is a strong predictor of an unfavorable outcome [25] [26] [27] . A multitude of different biochemical and inflammatory mechanisms responsible for the detrimental effects of fever during the acute phase of stroke have been identified, including 1) enhanced release of excitatory neurotransmitters; 2) increased metabolic demands; 3) exaggerated free oxygen radical production; 4) increased breakdown of the blood-brain barrier; 5) elevated rate of potentially damaging depolarizations in the ischemic penumbra; 6) impaired recovery of energy metabolism and enhanced inhibition of protein kinases; and 7) worsening of cytoskeletal proteolysis [28] . As a consequence, current guidelines recommend lowering fever in patients with acute stroke [29] .
However, in many patients, symptomatic treatment of fever is difficult and frequently delayed. Several small studies on antipyretic medication in febrile patients after stroke, most frequently using acetaminophen in various combinations, were either not at all or only moderately effective in lowering fever, and could not demonstrate valid effects on clinical outcome [30] [31] [32] . Invasive catheter-based heat exchange systems influence body temperature more effectively but may not be suitable for the general stroke unit setting, owing to technical and staff requirements, possible complications, and the substantial costs of this invasive technique requiring insertion of a large catheter into the femoral artery and propagation of the heat exchange device into the inferior vena [33] [34] [35] [36] [37] . Given the prognostic significance of fever and the limitations of its current symptomatic treatment options, it appears reasonable to ascertain and treat the causes of fever, and, if possible, to prevent its occurrence altogether.
The concept of prophylactic antibiotic therapy for patients with an excess risk of infection is not innovative. Preventive antibiotic therapy is routinely performed in patients with severe immunodepression, for example in patients with severe leukopenia due to chemotherapy, or in people with AIDS following HIV infection. In selected surgical patient collectives with high risk of infection, prophylactic antibiotic therapy has been the subject of various studies, yielding heterogeneous results [38] [39] [40] . To date, only a few studies have investigated the effect of prophylactic antibiotic therapy in patients with acute severe central nervous system disease other than stroke. A randomized study in patients with severe head trauma showed reduced incidence of ventilator-associated pneumonia under prophylactic therapy with Cefuroxim, although this strategy has not yet been implemented into the general care of patients with head trauma [41] . In an animal model of focal cerebral ischemia, preventive antibiotic therapy improved markers of pneumonia and functional outcome [42] . However, animal studies of poststroke infection should be viewed with caution as observed inflammatory and infectious changes could also result from surgical and anaesthetic stress [43] .
Clinical Studies on Preventive Antibiotic Therapy After Stroke
Key characteristics of the number of controlled clinical studies on prophylactic antibiotic therapy in stroke performed during the last 20 years are summarized in Table 1 . Inclusion criteria, criteria for diagnosis of infection, antibiotic therapy, and primary outcomes varied greatly. Therefore, comparability of these studies is severely limited. Nonetheless, 3 metaanalyses of the studies (published until 2008), written by the same group of authors, and predictably reaching comparable results, have already been published [52] [53] [54] . Not surprisingly, one of the authors' main conclusions was that the studies were heterogeneous [54] . To add to the confusion, a small number of controlled studies using Minocycline after acute stroke have to be considered [46, [49] [50] [51] . In these studies, minocycline, a second-generation tetracycline derivative that is not a first-or second-line antibiotic for most infections commonly present after stroke, was used not to prevent infections but to analyze its potential neuroprotective properties. Although the rationale behind minocycline treatment was not to prevent infections, minocycline may influence numerous inflammatory processes after stroke and has antibacterial properties that-somehow unintentionally-may prevent bacterial infection [55, 56] . Almost all available clinical studies suffer from various limitations and at least some degree of potential bias. Most studies, including the newest and largest studies, were open-label. Although usually various attempts were made to standardize the diagnosis of infection, this problem remains a considerable source of bias as the presence of infection cannot always easily be established in clinical practice.
In 1982, Majkowski et al. [57] conducted a first, relatively large clinical study on prophylactic antibiotic therapy in patients with stroke. This study, published in a Polish-language journal during the Cold War, was not widely recognized at the time. In total, 103 patients were randomized for treatment as usual or antibiotic therapy with either ampicillin or penicillin over 10 days. The authors observed lower rates of infection in the 2 groups receiving preventive treatment. However, owing to several problems with the design of the study and description of the findings, the validity of the results remains questionable. Unfortunately, the same is true for the study by Santangelo et al. [44] (n.b., this study is occasionally incorrectly cited as BDe Falco et al.^; in fact, De Falco was the senior author). In their paper, many crucial details of the study design were not sufficiently explained, such as duration and dosage of antibiotic therapy, observation period, and randomization procedures. In light of these drawbacks, the positive results from this study must be interpreted with great caution.
The first study using a design complying with modern standards was the BEarly Systemic Prophylaxis of Infection After Stroke^(ESPIAS) study [45] . This was a large, welldesigned controlled study. Perhaps unwisely, Chamorro et al. [45] used levofloxacin, a third-generation, extended-spectrum (Brespiratory^) fluoroquinolone antibiotic, an antibiotic that was new at the time when this study was being planned. Interestingly, its primary outcome was the difference in infection rate between the 2 groups. After the disappointing results of their study became evident, the authors mentioned that the safety of levofloxacin had never been explored in patients with stroke, that there might be inhibitory effects of levofloxacin on γ-aminobutyric acid neurotransmission or, on the contrary, that glutaminergic effects could be responsible for the unexpected negative effect on treatment outcome in the active treatment group [58] . Another methodological problem of this study was that patients with ischemic, as well as hemorrhagic, stroke were included. The study was prematurely stopped following an interim futility analysis. Rate of early infection (within the first 7 days of stroke) was not different. Disturbingly, patients in the active treatment group had a worse outcome after 90 days.
In our BMannheim Infection in Stroke Study^(MISS) [47] , the primary outcome parameter was not infection but the incidence and height of fever as one of the pivotal risk factors for a worse outcome after stroke. We included 60 severely affected, bedridden patients with acute ischemic stroke. Active treatment was sulbactam plus mezlocillin over 4 days. As expected, antibiotic therapy reduced fever and rate of infection. Although the study was not powered to detect prognostic benefits, we were able to show that after 90 days outcome was better after active treatment. The main limitations of this study were its small sample size and the open-label design.
Also in 2008, Harms et al. [48] published the results of the PANTHERIS trial, a small (n = 80) controlled, randomized study on moxifloxacin in patients with moderate-to-severe ischemic stroke. Active treatment was associated with a lower rate of early infection (the primary endpoint of the study). However, the authors found no difference in clinical outcome after 180 days. The authors discussed the potential superiority of moxifloxacin compared with other antibiotic drugs. At the time of this study, moxifloxacin, a fourth-generation fluoroquinolone with-compared with older fluoroquinolone generations-improved activity against Gram-positive bacteria and anaerobes, was being heavily promoted. However, owing to rare but potentially life-threatening liver and skin complications, moxifloxacin has in some way fallen from grace. In 2011, the Food and Drug Administration also added box warnings owing to the risk of tendinitis, including tendon rupture, and of worsening symptoms from myasthenia gravis; in Europe, the European Medicines Agency ruled that moxifloxacin can only be prescribed when other antibiotics have failed or cannot be administered.
The 4 studies on minocycline after acute stroke are not discussed in detail here [46, [49] [50] [51] (see Table 1 ). Remarkably, these studies, aimed at neuroprotection after stroke, used a narrower time window than the other studies No difference in pneumonia, and functional outcome/mortality after 90 days RCT = randomized controlled trial; i.m. = intramuscularly; NIHSS = National Institutes of Health Stroke Scale; mRS = modified Rankin Score; MCA = middle cerebral artery on prevention of infection. Within the framework of these studies infection was, in fact, not of major concern, and was not monitored. Three of 4 studies reported an association of minocycline treatment with improved clinical outcome. However, owing to their small sample size and other methodological problems, these promising results now have to be replicated by a larger phase III trial. In 2015, 2 large studies on preventive antibiotic therapy after stroke yielded negative results, undoubtedly, at least for the time being, putting the final nails in the coffin of the concept of prophylactic antibiotic therapy in stroke.
The BPreventive Antibiotics in Stroke Study^(PASS) was a well-designed, large multicenter study conducted in 30 stroke units in the Netherlands [3] . Over a 4-year period, 2550 patients were assigned to prophylactic Ceftriaxone or treatment as usual. The study was open label; assessment of outcome parameters was performed by blinded evaluators. Primary outcome was functional outcome after 3 months as assessed with the modified Rankin Scale. Unfortunately, the authors again failed to detect differences between the 2 groups regarding the primary endpoint. Prophylactic antibiotic treatment was, however, associated with a lower rate of infection (18 % vs 10 %). This effect was mainly driven by a lower rate of urinary tract infection; rates of pulmonary infection were similar between the ceftriaxone and control group. In a posthoc subgroup analysis, the authors reported improved outcomes after treatment with antibiotics in patients receiving intravenous thrombolysis. Critical points of this study included an overall low rate of infection, inclusion of patients with very mild stroke [median National Institutes of Health Stroke Scale (NIHSS) score 5] , and open-label design with risk of detection bias regarding infection.
The latest study on prophylactic antibiotic therapy after stroke was the STROKE-INF trial on prophylactic antibiotics after acute stroke for reducing pneumonia in patients with stroke-associated dysphagia [2] . Patients with dysphagia after stroke have the greatest risk of developing pneumonia. This was a large multicenter trial conducted in 48 stroke units in the UK. Over a period of 6 years, the stroke units were randomly assigned to standard care or prophylactic antibiotic therapy. For intention-to-treat analysis, 1217 patients were clustered within 37 units. The main inclusion criteria were dysphagia within 48 h of onset of ischemic or hemorrhagic stroke. Antibiotic therapy with different drugs was continued over 7 days. The primary endpoint was diagnosis of pneumonia in the first 14 days after stroke according to a (masked) standardized diagnostic algorithm, and by physician diagnosis. Overall, the authors found no difference in the incidence of algorithm-based diagnosis of pneumonia between the active treatment and control group (13 % vs 10 %). On the whole, however, the incidence of pneumonia was lower than reported in previous studies. After 14 days, NIHSS score was slightly but significantly higher in the active treatment group (11.7 vs 10.1). Interestingly, patients in the active treatment group also tended to have a longer hospital stay. Finally, there were no positive effects from antibiotic prophylaxis on a number of additional secondary outcome parameters assessed by the authors. The STROKE-INF trial was a large, well-conducted study. However, potential selection bias in a clusterrandomized trial, and diagnostic bias due to openintervention allocation cannot be completely ruled out.
In summary, current evidence from controlled studies did not show improved clinical outcomes after prophylactic antibiotic therapy following stroke. With regard to prevention of early infection after stroke, however, the results are ambiguous.
Discussion
The most obvious explanation of the generally negative findings reported by controlled studies on prophylactic antibiotic therapy after acute stroke is the fact that this therapy simply does not work, despite the reasonable rationale behind this therapy and a rather large body of compelling evidence from preclinical studies.
There are, however, a number of potential reasons possibly explaining the disappointing results on preventive antibiotic therapy after stroke. The most plausible explanation is that in almost all studies, patients were managed in specialist, stateof-the art stroke units. In this setting, prophylactic antibiotics obviously may not add to existing preventive measures such as general hygiene precautions, early mobilization, positioning, regular suction, swallowing techniques, modified diet, and early initiation of antibiotics in patients with suspected infection [2] . Infections after stroke most likely result from complex interactions of bacterial, chemical, mechanical (e.g., indwelling catheters), and immunological mechanisms that might not be prevented by antibiotics alone [2] .
Moreover, in daily clinical practice, a low threshold for initiating antibiotic therapy may occur, leading to unintended Bprophylactic^antibiotic treatment in a considerable number of patients. Compared with older studies, incidence of infection in the trials on prophylactic antibiotic therapy was generally lower, which may underscore this point. The diagnosis of infection in patients with stroke is not trivial. Algorithm-based diagnosis of infection may lead to markedly different results than physician-diagnosed infection [2] . In particular, diagnosing pneumonia in acute stroke poses challenges, and chest Xrays are of limited use in the early stages of pneumonia. In a study on how pneumonia is diagnosed in clinical stroke research, Kishore et al. [59] found considerable variation in terminology and diagnostic approach. In one study, interrater reliability for diagnosing pneumonia after hemorrhagic stroke was disturbingly low (k = 0.3), despite the use of standardized diagnostic criteria [60] . At present, there is no established gold standard for diagnosing pneumonia in patients with acute stroke. Recently, a BPneumonia in Stroke Consensus Group^published recommendations for operational criteria for the diagnosis of pneumonia, largely based on Centers for Disease Control criteria for pneumonia [61] . Regarding urinary tract infection, the second frequent infection after stroke, it is frequently difficult to distinguish clinically relevant infection from asymptomatic colonization, in particular in patients with indwelling bladder catheters. In the studies on antibiotic prophylaxis after stroke, definitions for infection were heterogeneous which also impairs the comparability of their results [54] .
In most studies, the time window before start of preventive antibiotic therapy was considerably long-up to 48 h after stroke-which may be too long, bearing in mind the immunological mechanisms and immunodepression taking effect immediately after the stroke [22] . Studies on the prognostic significance of hyperthermia have demonstrated that the first 24 h constitute the crucial period that determines most of the detrimental consequences of hyperthermia after stroke [62, 63] . Furthermore, duration of preventive antibiotic therapy (3-7 days) in the clinical trials may have been too short to prevent secondary infection [64] .
It could also be argued that most studies did not include the ideal candidates who could benefit most from antibiotic prophylactic therapy. Most authors found that the incidence of infection after stroke is highest in severely ill patients [18, 65] . Thus, only severely ill patients who carry the highest risk for infection should be considered as candidates for prophylactic antibiotic treatment. In contrast to this assumption, many studies included patients with very mild stroke. In the largest study, the PASS trial [3] , a NIHSS score of 1 was sufficient to be included in the study, for example. As a consequence, the overall median NIHSS in this study was only 5, indicating that the majority of study participants suffered from mild stroke. Not surprisingly, the overall incidence of infection in this study was low. It is difficult to imagine how patients with very mild stroke, for example, with a slight hypoesthesia at 1 extremity only, might benefit from prophylactic antibiotic therapy. A rather large sample would be necessary to demonstrate beneficial effects from prophylactic therapy in a population with only a small event rate. Furthermore, negative side effects from antibiotic therapy would probably gain more weight if the majority of patients would be treated unnecessarily. Thus, in future studies, only severely ill patients who carry the highest risk for infection should be considered as candidates for prophylactic antibiotic treatment. At the same time, however, the STROKE-INF study [2] , which included only patients with dysphagia, who are without a doubt at high risk for pulmonary infection, preventive antibiotic therapy did not affect incidence of infection. In this light, it appears questionable whether meta-analyses or subgroup analyses of pooled patient data from the-overall negative-trials would identify a certain subgroup of patients who could be selected for future trials.
A methodological problem of most studies-including the 2 largest trials-was incomplete blinding. Patients and their treating physicians were aware of treatment allocation which may have been a source of diagnostic bias. The authors of most studies attempted to overcome this problem by various methods to assess or re-evaluate the diagnosis of infection by a blinded evaluator. It is doubtful, however, that blinding could be successfully maintained in all instances.
Finally, the choice of the antibiotic drug may be of importance. The choice of the optimum antibiotic drug for infections in patients with acute stroke remains hypothetical. Chamorro et al. [45] hypothesized that harmful central nervous system effects of levofloxacin may have been responsible for the negative results of their study. To date, there have been no controlled studies on the potentially differential effects of antibiotic drugs in patients with acute stroke. Following theoretical considerations, it may not be wise to use fluoroquinolones with glutaminergic effects such as ciprofloxacine or levofloxacine as first-line drugs in patients with acute stroke. Some antibiotics, in particular minocycline [55, 56] , and also β-lactam antibiotics such as ceftriaxone, used in the PASS trial [3] , may exert neuroprotective properties [66, 67] . Although the rate of complications from antibiotic drug therapy was almost negligible in most studies, the choice of antibiotic drug influences unwanted side effects from treatment. Fluoroquinolones, for example, have been associated with QT prolongation [68, 69] , which renders these drugs not preferable in patients with stroke, who often suffer from cardiac comorbidity. Despite their excellent efficacy, broad antibacterial spectrum and good tolerability, cephalosporins, which rapidly induce drug-resistant bacteria, are arguably not the ideal drugs for preventive therapy [70, 71] . Previous studies on prophylactic antibiotic treatment in other settings did not support the assumption that short-term prophylactic antibiotic drug treatments facilitate the development of antibiotic drug resistance [38, 72] . However, if antibiotic prophylaxis should be implemented into the daily routine of stroke units, and large numbers of patients would be treated with the same antibiotic drugs within a single ward, the development of drug resistance could constitute a point of concern. The studies on preventive antibiotic therapy mentioned either no complications from antibiotic treatment at all, or, equally implausible, a very low incidence of mostly minor side effects, conceivably a consequence of insufficient adverse event monitoring. In the majority of studies, systematic microbiological monitoring including analysis of antibiotic resistance or screening for Clostridium difficile infections following prophylactic antibiotic therapy was not employed.
Conclusions
Based on the body of evidence from clinical studies currently available, the use of prophylactic antibiotic therapy in patients suffering from acute stroke and treated in specialized stroke units cannot be recommended. Prophylactic antibiotic therapy may arguably reduce the incidence of infection but does not influence clinical outcome. In my opinion, it seems highly unlikely that the concept of preventive antibiotic therapy may be reanimated in the near future. Theoretically, studies with a more tailored approach using stricter inclusion criteria and including biomarkers might identify patients who could benefit from preventive antibiotic therapy after stroke. However, after the negative results of the PASS and STROKE-INF trials, I doubt that such studies will be initiated in the near future.
Regarding the prognostic significance of infection after stroke, admission into a special stroke unit, close monitoring for early signs of infection according to standardized criteria, and immediate treatment after the diagnosis of infection has been established seem to be the most judicious recommendations.
